Abstract-The objective of this paper is to design a Load Frequency Control (LFC) mechanism using a Battery Storage System (BSS) and Diesel Generation (DG) units for an isolated microgrid system. The microgrid system under consideration is comprised from two DG units, a BSS unit, and two solar panels. They were tested under different scenarios; random load variations, and loss of one of the DG units. Results show that the proposed control systems were robust and successful to regulate the system's frequency under all conditions. The microgrid model as well as the proposed control strategy is developed within the Simulink and SimPowerSystems environments.
INTRODUCTION
Microgrids are small power grids. They can operate either independently or connected to larger grids. They can be, for example, a university campus connected to the main grid, an island in the middle of the ocean or a military base in a desert where there are no means of connecting to primary grid power [1] . Such concept provides a platform for incorporation of several Distributed Energy Resources (DERs), such as solar and wind power generations, and energy storage technologies [1] . Hence several advantages from both grid and end-user point of view are attained such as deferring investments in generation, transmission or distribution facilities, and higher level of supply reliability. However, microgrids are not without flaws. In order to ensure a stable operation for a microgrid system it is crucial to have a real-time matching between generation and demand so that the system's frequency is maintained at its nominal value. Such requirement is attained by implementing a Load Frequency Control (LFC) mechanism. Attaining such balance between generation and demand in a small and isolated system, however, is an issue of much greater significance as generations might be limited and/or intermittent. Furthermore the microgrid system, in normal operation conditions, experiences random demand fluctuations and possibly emergency conditions if one of the system's primary generation units is suddenly lost. Hence it is crucial to have an automated and robust LFC mechanism implemented to ensure a stable system operation under all conditions. Several preceding studies addressed the balance between generation and demand in a microgrid system through various techniques. Watson and Kimball in [2] proposed frequency regulation methodology in a microgrid system using solar power. The proposed methodology is based on tracking a fraction of the Maximum Power Point (MPP) of the Photovoltaic arrays (PV arrays). Hence, a power margin is kept as a reserve for regulation purposes. However, extracting a fraction of the MPP isn't the most efficient utilization of solar power. Furthermore, such technique for LFC is not adequate as intermittent sources are not always available by nature, and can change at any time unexpectedly. Thereby, all available output must be taken when it is available and either stored or transported over transmission lines where it can be used. In [3] Oudalov, Chartouni, and Ohler presented a methodology for sizing a BESS to provide a primary frequency reserve in UCTE (Union for the Coordination of Transmitting Electricity) system. The procedure was developed for a large interconnected power system encompassing a relatively small BESS compared to the total volume of the spinning reserve provided by conventional generation. Thus, the impact of the BESS on the system's frequency behavior was widely negligible. The grid's frequency was used as the system's input, and the BESS was considered in an open loop configuration. Explicitly, a given input frequency deviation resulted in small output power to absorb or to inject according to the p-f characteristics. The authors in [4] proposed hierarchical control architecture for microgrid isolated operation. A PI-based Microgrid Central Controller (MGCC) coordinates between PI-based Local Controllers (LCs) located at each of the micro sources. Frequency profiles when the proposed control architecture and traditional local control scenario (using local PI controller at each micro source without the MGCC) were compared. Results showed that the both cases were able to restore the system frequency at nominal value of 50 Hz. However, from the results shown, the local control structure was able to restore to frequency to nominal value faster than the case when the proposed MGCC was used. In [5] Brokish developed a load shedding technique for frequency regulation in a microgrid environment called FAPER (Frequency Adaptive Power and Energy Reschedules). This technique uses appliances, such as air conditioners and refrigerators, as energy storage units triggered by the grid frequency signal. According to the author energy consumption of such appliances could be shed off during peak hours, and they can maintain a temperature range during that period. However such technique is not a good candidate for energy storage and LFC application since they are not capable of bi-directional power flow i.e. they cannot send and receive power from the grid like BSSs.
II. SYSTEM DESCRIPTION AND CONTROL DESIGN

A. System Description
The microgrid system under consideration is comprised from two Diesel Generation (DG) units, two PV systems, and a Battery Storage System (BSS). The two DG units are 100 and 20 KVA. The two PV systems are 14.8 KW each, and the BSS is 30 Kwh. The microgrid system has no means of connecting to any other power grid i.e. isolated system. Figure 1 shows the microgrid system under consideration. The next part of this section is dedicated for illustrating the developed control systems for the DG units and the BSS for LFC. The PV systems are not contributing in LFC in this paper, and hence the Maximum Power point Tracking (MPPT) controllers implemented to extract the maximum power possible from the PV systems are out of the scope of this paper.
B. Control Design
The control objective is to minimize a performance index (J) associated with the frequency error ∆f (∆f = f -f s ), and defined by (1) .
Where f s , and f are the scheduled frequency of 60 Hz and the system's measured frequency respectively. The objective is to minimize (J) under both normal operation conditions, where the power demand fluctuates, and contingency situations, where one of the system's generation units is suddenly lost. As a result, three control loops are proposed; one control loop on each of the two diesel units and a control loop to charge or discharge the battery storage unit to regulate the frequency error ∆f (i.e. to minimize the performance index J).
1) Diesel Engine Control System
To simulate the complete dynamics of a diesel engine, a complex and high order model will be required. However, from control system and speed dynamics point of view, it is sufficient to use a much lower order model. The diesel engine model gives a description of the fuel consumption rate as a function of speed and mechanical power at the output of the engine, and is usually modeled by a simple first order model relating the fuel consumption (fuel rack position) to the engine mechanical power [6] , [7] , and [8] . As a prime mover it is crucial that the diesel engine equipped with a robust control system to ensure stable operation and foster disturbance rejection. The objective of the control system is to maintain the system's frequency at the desired reference value i.e. drives the frequency error (f m -f r ) to zero where f r is the reference frequency (60 Hz or 1 p.u.) and f m is the measured frequency. Hence, the corresponding diesel unit contributes in regulating the system's frequency error by minimizing the performance index J. Details about the different parts of the diesel engine model are available in [6] , [7] , and [8] . Figure 2 shows a block diagram of a diesel engine equipped with a Proportional Integral (PI) control system.
2) Battery Storage Control System
There are several models for BSS proposed for simulating the charging and discharging behavior for a BSS [9] [10] [11] . Generally, a battery is modeled by a set of nonlinear equations representing the battery current as a function of the internal resistances and capacitances of the battery as well as the State of Charge (SOC). The model provided in [11] was adopted in this study Figure 3 shows a block diagram of a battery storage system hooked up to a power grid. The control system developed for LFC is the DC/AC inverter control system. In order to utilize the BSS in LFC it is crucial that the inverter control system track the system's frequency error signal and control the active power injected or absorbed by the BSS. It is important to note the necessity to save on the amount of energy stored in the BSS to secure the maximum amount of reserve. Hence the BSS should not contribute much in LFC when the system's DG units are available. In order to bring the BSS power back to zero after a demand change the DGs must respond to such change accordingly. Figure 4 shows the structure of DC/AC inverter control system. In figure 4 the frequency error as well as the inverter output three phase voltages and currents are measured and input to the control system, and a sinusoidal three phase modulation signal is produced which controls the power flow from the battery system inverter. The frequency error signal is input to a PI controller that outputs the d-axis current command signal Idref. The output three phase currents from the battery unit I abc are measured in p.u, and they are feedback to the control system. Since it is very difficult to implement controls directly on sinusoidal signals, it is required to transform the three phase sinusoidal currents to direct-quadrature (dqo) frame. The I d controller regulates the active power produced or absorbed by the battery system by driving the system direct current I d to the desired reference direct current Idref . The I q controller regulates the inverter reactive power. The reference q-axis current signal is set to zero to attain unity power factor. In order to generate the modulation signal, which is input to the inverter, a sinusoidal synchronization signal is needed. Since the battery system will be connected to the grid, it is crucial to be synchronized with the grid.
The synchronization is obtained using a Phase Locked Loop (PLL) controller. The microgrid three phase voltages is measured in p.u, and fed to the PLL controller which generates the required synchronization signal. The I d and I q controllers are designed using the Frequency Response Estimation (FRE) technique in [12] and [13] . 
III. SCENARIOS AND RESULTS
A. Scenarios 1) Step Load Change
Fluctuations in power demand are common in power system operation, and the purpose of this scenario is to check the behavior of the proposed controllers under normal operation conditions.
Step change in power demand as well as total changes in BSS and DGs power generations is shown in figure 5 . The demand change is from 0 to 4.4 KW at time t=5 seconds. It is important to note that power demand change is not supplied sole by the battery system. It is shared amongst generation units. Figure 6 shows the power generated from the BSS and the control signal Idref. Figure 7 show the power generated from DGs, and figure 8 shows the microgrid frequency error ∆f . Step change in demand and total generations changes. 
2) Loss of the 20 KVA Diesel Generator
In this scenario the circuit breaker connecting the 20 KVA generator to the microgrid will tripp at time t =10.2 seconds.
The purpose of this scenario is to see how the battery unit will respond when the smaller DG is lost. Figure 9 shows the changes in power produced from the battery system and diesel generators. From figure 9 it is clear that the battery system power settled at zero till the loss of the DG. The power generated from the 100 KVA generator was 100 Kw, the power generated from the 20 KVA generator was 18 KW, and there are no changes in DGs powers till time t = 10.2 seconds. After the 20 KVA generator was isolated, the battery power increased from 0 to 18 KW. Clearly the battery inverter control system responded to the frequency error signal and increased the power discharged from the battery unit to the same amount that was generated by the lost generator. At time t=20 seconds the first PV system was connected to the microgrid. At time t=25 seconds the other PV system was connected. As a result, the power generated from the 100 KVA generator was reduced at the corresponding time instants. The microgrid frequency error was restored to zero at all time. Figure 10 shows the power injected by the two PV systems into the microgrid. Figure 11 shows the microgrid frequency error. 
3) Loss of the 100 KVA Diesel Generator
This is considered the most severe scenario the microgrid system could experience as the system will suddenly lose its primary generation unit. In this the circuit breaker connecting the 100 KVA generator to the microgrid system will tripp at time t =10.2 seconds. Also, the PV systems are initially disconnected from the grid, and they are connected to the grid each at different times. To illustrate the significance of the contribution of the battery system in LFC, the microgrid frequency error when the battery unit is available is compared with the frequency error when the battery system is not available. Figure 12 shows the microgrid ACE when the battery unit is available. Figure 13 illustrates the significance of the battery unit contribution in LFC by comparing the microgrid frequency error (ACE) when the battery unit is available and when it is not available. It is clear from figure 13 that without the BSS the microgrid system will become unstable in this scenario. Figure 14 shows changes in power produced from the battery system and diesel generators. From these figures, initially the 100 KVA diesel generator is supplying its full generation capacity. The generator is supplying a 50 KW load at its bus, and injecting 50 KW into the microgrid system. At time 10.2 seconds, the 100 KVA generator and the 50 KW load were isolated from the system. The effect of isolating the generator on the frequency error is visible in figure 12 . At that instant, it is clear in figure 14 that the battery control system responded to the change in system's frequency and increased the active power injected by the battery unit to 50 KW (i.e. to compensate for the amount of power that was injected by the 100 KVA generator in the system), and the frequency error was restored back to zero. Figure 15 shows the power produced by each of the two PV systems injected into the microgrid. At time t = 15 seconds, the first PV system was connected to the microgrid. As a result, the power generated from the 20 KVA generator dropped to12 KW. At time t = 20 seconds, the other PV system was connected and the power from the generator dropped to 8 KW. From figure 15 , the powers produced from the two PV systems are not equal. This is due the irradiance level input to the first PV system is set to 1000 W/m 2 , while it is set to 200 W/m 2 to the other PV system. The reason for setting to two different values of irradiances is to investigate the effect of changing the irradiance level on the power injected into the microgrid. However, since this study focuses on LFC that is usually investigated in a time range of seconds, there is a good reason to assume constant irradiance level for both PV systems since the level of sunlight reaching the PVs usually changes on an hourly basis.
IV. CONCLUSION
This paper presented a decentralized LFC mechanism to control a BSS and DGs incorporated in an isolated microgrid system to regulate the system's frequency. The mechanism was tested under three different scenarios; fluctuating demand which represents the normal operation conditions of a power system, and two emergency scenarios where one of the DG units was lost in each scenario. Results show that the proposed LFC mechanism was successful to regulate the system frequency under all conditions.
